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ABSTRACT
We estimate the dipole of the whole-sky, X-ray Ñux-limited sample of Abell/Abell, Corwin, & Olowin

(ACO) clusters (XBACs) and compare it to the optical cluster dipole, which is known to be well aligned
with the cosmic microwave background (CMB) dipole and which converges to its Ðnal value at D160
h~1 Mpc. We Ðnd the X-ray cluster dipole to be well aligned with the CMB dipole, while it([25¡)
closely follows the radial proÐle of its optical cluster counterpart, although its amplitude is about
10%È30% lower. In view of the fact that the XBAC sample is not a†ected by the volume incompleteness
and the projection e†ects that are known to exist at some level in the optical parent Abell/ACO cluster
catalog, our present results conÐrm the previous optical cluster dipole analysis that there are signiÐcant
contributions to the Local Group motion from large distances (D160 h~1 Mpc). In order to assess the
expected contribution to the X-ray cluster dipole from a sample that is closer to being purely X-rayÈ
selected, we compare the dipoles of the XBACs and the brightest-cluster sample in their overlap region.
The resulting dipoles are in good mutual agreement with an indication that the XBAC sample slightly
underestimates the full X-ray dipole (by while the Virgo Cluster contributes about 12% to the[5%),
overall X-ray cluster dipole. Using linear perturbation theory to relate the X-ray cluster dipole to the
Local Group peculiar velocity, we estimate bcX (4)00.6/bcX) ^ 0.24^ 0.05.
Subject headings : cosmic microwave background È galaxies : clusters : general È

large-scale structure of universe È X-rays : galaxies

1. INTRODUCTION

A lively debate has been going on in recent years over the
spatial extent of the distribution of mass inhomogeneities
that cause the Local Group (LG) motion. Assuming gravi-
tational instability to be the cause of cosmic motions, and
using optical and IR galaxies as tracers of the matter dis-
tribution, numerous studies (see Walker, & Rowan-Yahil,
Robinson Lahav, & Meurs1986 ; Harmon, 1987 ; Lahav

Rowan-Robinson, & Lynden-Bell1987 ; Lahav, 1988 ;
Lahav, & Burstein et al.Lynden-Bell, 1989 ; Strauss 1992 ;
have shown that most, if not all, of the pecu-Hudson 1993)

liar acceleration of the LG is induced within 40È50 h~1
Mpc. Other analyses of galaxy samples have presented indi-
cations of varying strength for contributions from much
larger depths, ranging from D100 to D150 h~1 Mpc

et al. Coles,(Plionis 1988 ; Rowan-Robinson 1990 ; Plionis,
& Catelan & Plionis However, the1993 ; Basilakos 1998).
difficulty with such studies in providing a deÐnite answer is
that the galaxy samples are not volume-limited but rather
magnitude- or Ñux-limited, which introduces an inherent
uncertainty due to the rapid decrease of their selection func-
tion with distance from the observer.

On the other hand, being the largest gravitationally col-
lapsed structures in the universe and luminous enough to be
volume-limited out to large distances, galaxy clusters have
also been used to probe the local acceleration Ðeld. Existing
studies, all based on the optically selected Abell/Abell,
Corwin, & Olowin hereafter clusters, provide(1989, ACO)
strong evidence that the LG dipole has signiÐcant contribu-
tions from depths up to D160 h~1 Mpc Vettol-(Scaramella,
ani, & Zamorani & Valdarnini1991 ; Plionis 1991 ; Tini-
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et al. & Plionis However,Brunozzi 1995 ; Branchini 1996).
because of the volume incompleteness of richness class
R\ 0 clusters (see & West optical projec-Peacock 1992),
tion e†ects (enhancement of galaxy density along the direc-
tion of foreground rich clusters, which cause inherently
poor background clusters or groups to appear rich enough
to be included in the sample ; see andSutherland 1988),
density variations as a function of distance between the
Abell and ACO portions of the combined sample (see

& Valdarnini these results should be veriÐedPlionis 1991),
by well-deÐned cluster samples, free of such biases.

In the X-ray band, the physical reality of clusters is
unquestionable, owing to their strong intracluster medium
(ICM) X-ray emission. Two large X-ray cluster samples
have been recently compiled : The whole-sky, X-ray Ñux-
limited sample of Abell/ACO clusters (XBACs) was com-
piled by et al. by carefully cross-correlatingEbeling (1996)
the ROSAT all-sky X-ray survey et(Tru� mper 1990 ; Voges
al. with the Abell/ACO cluster sample ; the brightest1996)
cluster sample (BCS) was compiled by et al.Ebeling (1997a)
from an additional cross-correlation of the ROSAT All-Sky
Survey (RASS) sources with the Zwicky cluster catalog, but
it also contains clusters purely selected in X-rays (for the
complete deÐnition see The XBACs sample provides,° 2.2).
for the Ðrst time, a whole-sky, Ñux-limited sample of X-ray
galaxy clusters suitable for investigating the local acceler-
ation Ðeld (for an early attempt using mostly HEAO 1 data
see et al. The BCS sample covers only theLahav 1989).
northern sky, and it has been used to investigate the evolu-
tion of the X-ray cluster luminosity function et al.(Ebeling

both samples will be useful for establishing, among1997b) ;
other things, the cluster correlation function et al.(Edge

Nevertheless, both catalogs su†er from some degree1998).
of incompleteness at low Galactic latitude (see also °° 2.3
and for relative corrections). Apart from these two3
samples, other X-ray cluster samples based on ROSAT data
are under compilation, most notably the ESO KP catalog
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for southern clusters et al. Grandi(Collins 1995 ; de 1996 ;
Guzzo et al. 1995 ; Guzzo 1996).

As in the case of all Ñux-limited samples, the use of these
X-ray cluster samples for investigating the very distant con-
tributions to the local acceleration Ðeld is limited exactly
because of their Ñux-limited nature. In fact, etKolokotronis
al. found, using numerical experiments, that such(1998)
samples will underestimate the true underlying cluster
dipole by D15% on average if distant dipole contributions
do exist. We further caution the reader that using clusters to
estimate the local acceleration Ðeld may be problematic for
the following reasons :

1. Because of their large intercluster separation, clusters
may not trace the very local gravity Ðeld well (D30È40 h~1
Mpc) unless the local velocity Ðeld is cold, which does seem
to be the case (see attempts to relate thePeebles 1988) ;
cluster dipole with the LG peculiar velocity could give
erroneous results.

2. Existing cluster samples are incomplete in many di†er-
ent ways. For example, the Virgo Cluster is missing from
the optical Abell/ACO catalog and, therefore, also from the
XBAC sample. Furthermore, the present X-ray cluster
samples may su†er from incompleteness in the nearby uni-
verse because of problems in reliably detecting extended
low surface brightness emission.

The above limitations will be investigated by comparing the
XBACs and BCS dipoles in their overlap region ; since the
latter sample is closer to being purely X-rayÈselected, it has
a di†erent luminosity function and lower Ñux limit, while it
also contains the Virgo Cluster.

The outline of this paper is as follows : The X-ray samples
and various selection biases are discussed in The main° 2.
dipole results are presented in while in we estimate° 3, ° 4
the cosmological b parameter. Finally, our main conclu-
sions are presented in ° 5.

2. X-RAY SAMPLES AND SELECTION EFFECTS

Both X-ray samples consist of clusters identiÐed in the
RASS by a combination of two detection algorithms (the
Standard Analysis Software System and Voronoi Tessella-
tion Percolation [SASS and VTP, respectively]) for Ñuxes
above a particular Ñux limit The use of the VTP(Slim).
identiÐcation algorithm allows quite reliable cluster detec-
tions, even at low redshifts, and greatly improves the Ñux
determination for the X-ray sources initially misassessed by
SASS (see Ebeling et al. and references therein1996, 1997a
for the superiority of VTP over SASS).

Throughout this work we will be using the following deÐ-
nition of distance (MattigÏs formula) :

r \ c
H0 q02(1 ] z)

[q0 z] (1 [ q0)(1[ J2q0 z] 1)] ,

with and h km s~1 Mpc~1.q0\ 0.5 H0\ 100

2.1. XBAC Sample
The XBACs sample consists of the X-ray brightest Abell/

ACO clusters that have been detected in RASS for Ñuxes
above ergs s~1 cm~2 (0.1È2.4 keV), withSlim\ 5 ] 10~12
redshifts limited by z¹ 0.2. The sample contains 253 clus-
ters, out of which 242 have o b oº 20¡ ; thus, it is the largest
X-ray Ñux-limited cluster sample to date (though not
entirely X-ray selected). The X-ray Ñuxes measured initially

by the SASS point-source detection algorithm are super-
seded by VTP measurements that account for the extended
nature of the emission. In addition, the difficulty of the
SASS algorithm in actually detecting nearby X-ray emission
has been mostly corrected by running VTP on the RASS
Ðelds centered on the optical positions of all nearby Abell/
ACO clusters (z¹ 0.05), regardless of whether or not they
are detected by SASS. et al. estimate, after aEbeling (1996)
careful analysis of possible selection e†ects and biases, that
the overall completeness of this X-ray sample is more than
80%.

2.1.1. XBAC Systematic E†ects

Because of the cross-correlation of the RASS with the
Abell/ACO cluster positions, it is very probable that the
systematic biases from which the latter su†er could also
creep into the XBAC sample. et al. haveEbeling (1996)
shown that the XBAC Ñux-limited sample is free from the
known volume incompleteness as a function of distance of
the richness class R\ 0, Abell/ACO clusters exactly
because of the Ñux-limited property of the XBAC sample,
which is such that it contains, at large distances, the inher-
ently brighter, and thus richer, Abell/ACO clusters, for
which there is no volume incompleteness.

Another bias from which the optical clusters su†er and
which could, therefore, also a†ect the XBAC sample is the
signiÐcant distance-dependent density variations between
the northern Abell and southern ACO parts of the com-
bined cluster sample (see et al. etBatuski 1989 ; Scaramella
al. & Valdarnini These density varia-1990 ; Plionis 1991).
tions are most probably due to the higher sensitivity of the
ACO IIIa-J emulsion plates, which results in detections of
inherently poorer nearby ACO clusters that are missing
from the Abell sample. As a Ðrst step to quantify the overall
magnitude of the e†ect on the XBAC sample, we estimate,
for o b o[ 30¡, the density ratio and its Poisson error
between the Abell and ACO parts of the sample within the
volume-limited region of the optical cluster sample :

n6 ACO
n6 Abell

(r \ 240 h~1 Mpc)^
G1.56^ 0.14 , optical ,
1.12^ 0.17 , XBACs ,

where each cluster has been weighted by P(b)(410A csc @b@)
to account for the number density decrease due to Galactic

It is evident that X-ray selection has correctedabsorption.3
the signiÐcant systematic density variation seen in the
optical sample. The lower X-ray detection rate of ACO
clusters is probably because they are inherently poorer clus-
ters (and thus weaker X-ray emitters), revealed by the
higher sensitivity of the IIIa-J emulsion ACO plates.

As already mentioned, the apparent density variations
between the Abell and ACO samples are distance-
dependent & Valdarnini and, since uncor-(Plionis 1991),
rected systematic density di†erences between two parts of
the sky can introduce spurious contributions to the dipole,
we will statistically correct such variations by weighting
each Abell cluster with

w(r, dV
i
) \ n6 ACO(r, dV

i
)

n6 Abell(r, dV
i
)
. (1)

3 The amplitude of this function has been estimated from each individ-
ual cluster sample, and it is consistent with the usually quoted values

and(AAbell ^[0.3 AACO^[0.2).
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FIG. 1.ÈObserved N(r) distribution of XBAC clusters, corrected for Galactic absorption, and its Poisson uncertainties. The predicted distribution, viaeq.
is shown as a solid line. The inset shows the observed N(r) distribution of the optical Abell/ACO clusters (asterisks), with the shaded area corresponding to(5),

the homogeneous case (i.e., /\ 1) for densities, between the Abell and ACO values.n6
c
,

The robustness of our results will be checked by using a
large number of bin sizes Note that, because of small-(dV

i
).

number statistics, the density variations may be insig-
niÐcant ; thus, we will be using w(r) \ 1 whenever
p(w) º o 1 [ w(r) o.

2.2. BCS Sample
The BCS is the biggest X-ray Ñux-limited compilation

covering the extragalactic sky in the northern hemisphere
(d º 0¡, o b oº 20¡). It contains 199 clusters above Slim\
4.45] 10~12 ergs s~1 cm~2 in the same energy band as
the XBACs, with z¹ 0.3 and with X-ray luminosities
º1.25] 1042 h~2 ergs s~1. The BCS sample has been com-
piled by a cross-correlation of the RASS, not only with the
Abell/ACO cluster sample but also with Zwicky clusters,
while it also contains clusters selected on the basis of their
X-ray properties only. It therefore has a signiÐcant overlap
with XBACs (for d º 0¡) as far as the Abell population is
concerned. The above BCS sample is estimated to be 90%
complete (redshift completeness is more than 96%).

TABLE 1

PARAMETERS FOR THE XBAC AND BCS X-RAY

LUMINOSITY FUNCTION, USING

h s~1H0\ 100 km Mpc~1

Parameters XBAC BCS

A . . . . . . . . . . . 1.955] 10~6 1.246] 10~6
a . . . . . . . . . . . 1.21~0.13`0.12 1.85^ 0.09
L

*
. . . . . . . . . 1.048~0.14`0.17 2.275~0.373`0.515

2.3. X-Ray Cluster Selection Functions
In estimating the local acceleration Ðeld from Ñux-limited

catalogs, it is necessary to use the sample selection function,
which is determined in our case by the cluster X-ray lumi-
nosity function, Ebeling et al. have'X(L ). (1997b, 1998)

FIG. 2.ÈObserved N(r) distribution of BCS clusters, corrected for
Galactic absorption, and its Poisson uncertainties (points). The predicted
distribution, via is shown as a solid line.eq. (5),
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recently Ðtted a Schechter-like luminosity function to the
data (with parameters given in Table 1) :

'X(L ) \ A exp
A
[ L

L
*

B
L~a , (2)

where is the characteristic luminosity measured in 1044L
*h~2 ergs s~1, A is the overall normalization of the number

density, measured in h3 Mpc~3 (1044 h~2 ergs s~1)a~1, and
a is the usual power-law index.

The selection function, deÐned as the fraction of the
cluster number density that is observed above the Ñux limit
at some distance r, is

/(r) \ 1
n6
c

P
Lmin(r)

Lmax
'X(L )dL , (3)

with and h~2 ergs s~1L min(r) \ 4nr2Slim L max^ 1045
[because of the form of the above integral is very'X(L ),
insensitive to larger values of The mean numberL max].density of the underlying X-ray population of clusters is
found by integrating the luminosity function from the lower
to the upper luminosity limit of the sample :

n6
c
\
P
Lmin

Lmax'X(L )dL . (4)

Since the absolute lower luminosity limit is e†ec-(L min)tively unknown for the XBACs, we can estimate it by rela-
ting the above equation with the observed number density
of the optical Abell/ACO sample, which can be considered
as the ““ parent ÏÏ population of the XBAC sample. Using the
weighted mean number density of Abell/ACO clusters, cor-
rected for Galactic absorption h3(n6

c
^ 1.85~0.3`0.6 ] 10~5

Mpc~3), we obtain h~2 ergs s~1 : theL min\ 4.3~2.5`3.5 ] 1041
uncertainty reÑecting the density variations between the
Abell and ACO samples. For the case of the BCS sample,
for which h~2 ergs s~1, we obtain theL min\ 1.25] 1042
global mean number density of its parent X-ray cluster
population h3 Mpc~3, a factor of B3n6

c
\ 5.81 ] 10~5

larger than that of the XBAC sample.
The predicted number of X-ray clusters above andSlimlying within a shell between r and r ] *r is then

N(r) \ 4nr2/(r)n6
c
*r \ 4nr2*r

P
Lmin(r)

Lmax 'X(L )dL . (5)

Note that N(r) is independent of and thus of the uncer-n6
ctainty in shows the observed number ofL min. Figure 1

XBAC clusters as a function of distance and the predicted
one from The maximum of N(r) turns out to beequation (5).
around D240 h~1 Mpc, in agreement with the observed
distribution. If we choose to Ðt better only the region of
reliable redshifts we would obtain for the luminosity([0.1),
function parameters a B 1.25 and h~2 ergsL

*
B 1.2] 1044

s~1 dashed line), which, although deviate from the(Fig. 1,
nominal values of are within their 1 p uncertainty.Table 1,
The inset in shows the corresponding N(r) of theFigure 1
optical Abell/ACO cluster, corrected for Galactic absorp-
tion (asterisks) and the theoretical curve for the range of
Abell and ACO densities.

presents the observed BCS N(r) distribution forFigure 2
o b oº 30¡ and the corresponding theoretical one (eq. [5]).
The maximum of the selection function turns out to be at
D140 h~1 Mpc, followed by a long tail toward larger
depths. This early maximum ensures that the BCS function

is dominated by relatively local clusters, more so than the
corresponding XBAC sample.

Note that we will limit our dipole analysis to the volume
within 240 h~1 Mpc in order to avoid possible systematic
e†ects due to the low number of the observed X-ray clusters
and to uncertainties in the based cluster redshiftsm10[ z
that dominate above this depth.

3. CLUSTER DIPOLE

We will not present all the details of the method used to
calculate the peculiar gravitational acceleration induced by
some mass tracer on the observer, since such can be found
in many recent articles (see et al.Tini-Brunozzi 1995 ;

et al. and references therein). BrieÑy, weKolokotronis 1996
employ the method of moments to quantify the distribution
of clusters around the LG, and we correct them for the
e†ects of Galactic absorption using a spherical harmonic
expansion of the cluster-surface number density and a com-
bined mask to take into account the depletion of clusters for
o b o\ 13¡ and a csc b absorption law above this latitude
limit (see & Valdarnini and the Appendix ofPlionis 1991

et al. for details). We then estimate theTini-Brunozzi 1995
gravitational acceleration induced in the LG from the dis-
tribution of X-ray clusters (see & BoldtMiyaji 1990 ; Plionis
et al. by1993)

V
g
(r) \ H0 r

D
M

(¹r) for r º Rconv , (6)

where is the dipole, is theD \ ; W
i
r
i
~2rü

i
M\ ; W

i
r
i
~2

monopole, are the cluster weights (withW
i
(Pw

i
/
i
~1M

i
) M

ian estimate of the cluster mass), the cluster selection/
ifunction, and the Abell/ACO relative weight (seew

i
eq. [1]).

The quantity is the dipole convergence depth, beyondRconvwhich the distant density inhomogeneities do not a†ect the
dynamics of the observer and should therefore be within the
e†ective depth of the catalog in order to obtain the correct
estimate of the local acceleration Ðeld. Using the deÐnition
of the monopole [M\ / o(r)r~2 dV ] and linear pertur-
bation theory (see we can recover fromPeebles 1980)

the more familiar formequation (6)

uLG(r) \ b
cX

D(r)/4nn6
c
\ b

cX
V

g
(r) , (7)

where and is the X-ray cluster to under-b
cX

4 )00.6/bcX b
cXlying mass bias factor. Note that we will be using two mass-

weighting schemes : one in which we will assume each
cluster to contribute equally (M \ 1) and one in which the
mass is proportional to the X-ray luminosity (M P L X5@11).This relation results from the assumption of hydrostatic
equilibrium, T P M2@3, and from ginga observations, which
indicate that (see and referencesL X PT 3.3 Arnaud 1994
therein).

However, the sparseness with which the Ñux-limited
sample of clusters trace their underlying parent cluster
population introduces shot noise (discreteness e†ects) in
their dipole estimates, which increase with distance.

et al. used numerical experiments toKolokotronis (1998)
Ðnd that, in cluster distributions that have signiÐcant dipole
contributions from large depths, the enhancement of the
underlying true cluster dipole due to shot noise e†ects and
the loss of dipole signal due to the Ñux-limited nature of the
X-ray sample work in opposite directions, tending to
counteract each other. Therefore, although we estimate the
magnitude of the one-dimensional shot noise dipole using
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the formalism developed in et al. i.e.,Strauss (1992),
and Ðnd it to be D30% ofo D osn,1D2 B 13 ; /

i
~1r

i
~4 (/

i
~1 [ 1)

the dipole signal, we do not attempt to correct the raw
XBAC dipole for such e†ects (for alternative deÐnitions of
shot noise see also et al.Hudson 1993 ; Kolokotronis 1998).

3.1. Dipole Results
In we present the cluster dipole (based on bothFigure 3

mass-weighting schemes) for the XBAC sample (triangles) as
well as for the optical Abell/ACO sample (squares). It is
evident that both samples exhibit a very similar dipole
proÐle, with signiÐcant contributions from depths ?100
h~1 Mpc, which validates the previous results based only
on the optical sample & Valdarnini(Plionis 1991 ;

et al. & Plionis However,Scaramella 1991 ; Branchini 1996).
the XBAC dipole is systematically lower (by D20% for the
equal mass-weighting case) than the optical cluster dipole.
Although this could be intrinsic, implying that the optical
dipole is artiÐcially enhanced by projection e†ects (see

& West such an explana-Sutherland 1988 ; Peacock 1992),
tion is not corroborated by the correlation function analysis
of the XBAC sample, which provides a large correlation
length, roughly consistent with that of the optical Abell/
ACO sample (A. Edge 1997, private communication). An
alternative explanation of the lower XBAC dipole ampli-
tude with respect to the optical one is a possibly artiÐcial
exclusion from the XBAC catalog of nearby clusters

h~1 Mpc), which naturally play a key role in([50È60
shaping the local acceleration Ðeld. In fact, from the eight
Abell/ACO clusters within 60 h~1 Mpc not included in the
XBAC sample, three (A3565, A3574, and A347), although
detected in RASS, have been excluded because of suspicion
that their X-ray emission is mostly of noncluster origin. If
we include these three clusters by hand, then the XBAC
(M \ 1) dipole increases substantially, reducing the di†er-
ence with the optical dipole from D20% to D10%. This

FIG. 3.ÈAbell/ACO optical (squares) and XBAC (triangles) dipole. The
weighting scheme used is indicated. Error bars are 1 p uncertainties due to
di†erent bin sizes used to homogenize the Abell and ACO number den-
sities (see while the dashed line is the case with no relative weigh-eq. [1]),
ting between the Abell and ACO parts of XBACs.

reduced discrepancy could be further alleviated if we take
into account the results of et al. whoKolokotronis (1998),
found, using numerical experiments, that the cluster X-ray
Ñux-limited and unity-weighted (M \ 1) dipole will under-
estimate the underlying cluster dipole by D15% if it has
signiÐcant contributions from large depths (?100 h~1
Mpc).

However, using the more natural luminosity-weighting
scheme we Ðnd an even lower amplitude of the(M P L X5@11),XBAC dipole with respect to the unity-weighted one,
although their dipole proÐles are very similar. The ampli-
tude of the luminosity-weighted X-ray cluster dipole is
D35% less than its optical counterpart, and although the
D25% gap could be bridged, as discussed above, it seems
that the X-ray cluster dipole is intrinsically less, by Z10%,
than the optical cluster dipole. This di†erence, if it is indeed
intrinsic, corresponds to an optical to X-ray cluster bias
factor bo,X(4bo/bX)[ 1.

In order to further investigate these points, we will
attempt to Ðll in the lack of local information by using the
BCS clusters, which better trace the local volume (see Fig.

and compare the XBAC and BCS dipoles in their2),
common region (d [ 0¡, o b o[ 20¡). OneÏs hope is that, at
the convergence depth of the XBAC dipole, the relative
Ñuctuation between the BCS and XBAC dipoles will reÑect
those of the whole-sky dipole ; therefore, we could infer a
better estimate of the Ðnal X-ray cluster dipole amplitude.

3.2. Comparing the XBAC and BCS Dipoles
The northern XBAC sample (hereafter XBACn) contains

113 clusters, out of which 112 belong to the BCS sample as
well, with A2637 being the sole exception (for details see ° 10
of et al. Furthermore, although 65% of theEbeling 1997a).
clusters of the two samples are common, it is not obvious
that they should similarly trace the northern hemisphere
dipole, since (a) the BCS is governed by a signiÐcantly dif-
ferent which results in a di†erent N(r) distribution'X(L ),
(see Figs. and and (b) only D33% and D53% of the1 2),
clusters are common within the interesting regions (D100
and D200 h~1 Mpc, respectively).

For this comparative work, we will correct the raw dipole
estimates for shot noise errors, since the two samples should
trace the same underlying distribution but with di†erent
densities and selection functions. In the lower panel of

we plot the Ñuctuations of the unity-weightedFigure 4,
XBACn and BCS dipoles [dV /V 4 (VXBACn [ VBCS)/VBCS]including (dashed line) and excluding (solid line) Virgo. We
also plot (upper panel) the misalignment angle between the
XBACn and BCS dipoles at each distance bin for the
luminosity-weighted one (solid line) and for the unity-
weighted dipole case (long-dashed line), excluding Virgo.
The short-dashed line corresponds to the luminosity-
weighted dipoles including the Virgo Cluster in the BCS
sample.

The most signiÐcant results of this analysis are the follow-
ing :

1. Consistently comparing the BCS and XBACn dipoles
(i.e., excluding Virgo from the BCS sample, since by con-
struction it is absent from the XBACs), we Ðnd that both
X-ray samples have very similar dipole shapes, with small
amplitude di†erences and at scales(dV /V [ 0.05) dh [ 14¡

Note that the dh values are uncorrected for theZRconv.misalignment induced by the shot noise dipole, which is
roughly D10¡.
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FIG. 4.ÈDipole Ñuctuations (dV /V ) between BCS and XBACn for the
unity-weighting scheme excluding (solid line) and including (dashed line)
Virgo. Misalignment angles, dh, with the solid and short-dashed lines cor-
responding to the case excluding and including Virgo, respec-L X-weighted
tively. The long-dashed line corresponds to the unity-weighted case,
excluding Virgo.

2. If one takes into account the above value of the rela-
tive velocity di†erence between the BCS and the XBACn,
one would further reduce the apparent gap between the
XBAC all-sky and the optical Abell/ACO dipole, but by not
more than D5%.

3. Similarly, with the XBACs and also in the BCS case,
the luminosity-weighted dipole is D20% lower than the
corresponding unity-weighted one.

4. Including Virgo in the BCS sample, we Ðnd, as
expected, that it plays a signiÐcant role in shaping the X-ray
dipole, with a relative contribution of D12%, which corre-
sponds to an average Virgocentric infall velocity of
D160 ^ 40 km s~1 (where we have twice weighted the
luminosity-based results).

4. ESTIMATING THE DENSITY PARAMETER b

The good alignment (within D25¡) between the XBAC
and cosmic microwave background (CMB) dipoles indi-
cates that the XBAC clusters trace the large-scale mass
density Ðeld and that they can therefore be used to estimate
the cosmological b parameter by relating the X-ray cluster
dipole to the Local Group peculiar velocity (eq. [7]).
However, since the Virgo Cluster is not included in the
Abell sample because of its proximity and resulting low
surface density, we must exclude the Virgocentric infall
from the LG peculiar motion. then becomesEquation (7)

uLG@ \ uLG[ Vinf \ b
cX

o V
g
o . (8)

Using km s~1, we Ðnd km s~1,Vinf ^ 170 o uLG@ o^ 510
pointing toward (l, b)\ (276¡, 16¡).

The cluster redshift is related to its the comoving distance
by

cz\ H0 r ] [¿
p
(r) [ uLG] É rü , (9)

and, since the last term of this equation is not equal to 0,
redshift-space distortions (hereafter RSDs) will tend to
enhance the dipole amplitude In an attempt(Kaiser 1987).
to derive the optical cluster dipole free of such distortions,

& Plionis used a density reconstructionBranchini (1996)
algorithm to predict the real-space positions of the optical
Abell/ACO clusters. They found that RSDs enhance the
real-space optical cluster dipole by D23%. In order to
correct the XBAC dipole for such e†ects, we attempt to
minimize RSDs, using a simple model of the peculiar veloc-
ity Ðeld. Since we observe a coherent bulk Ñow of high
amplitude in the local universe (see Dekel 1994, 1997 ;

& Willick we split the cluster peculiar veloci-Strauss 1995),
ties into a component of a bulk Ñow and a local nonlinear
component as follows :

¿
p
(r)\ Vbulk(r) ] Vnl(r) . (10)

Applying to the Local Group and usingequation (10)
we have from which it isequation (8), Vbulk(0)\ uLG@ ,

evident that the bulk Ñow component locally dominates
over that of the infall. This fact may be reversed for galaxies
at large distances, but, in any case, at such distances we
have thus, RSDs should not signiÐcantly(¿

p
Æ rü )/cz> 1 ;

a†ect the dipole. We therefore use the approximation
where the bulk-Ñow proÐle as a function of¿

p
(r) \ Vbulk(r),distance is given by Dekel and by(1994, 1997) Branchini,

Plionis, & Sciama and its direction is taken to be(1996),
that of Note, however, that there have been mea-Vbulk(0).
surements of the bulk velocity with very di†erent results
from the above in direction as well as in amplitude &(Lauer
Postman The reality, however, of these results has1994).
been questioned by di†erent studies (see et al.Giovanelli

& Ebeling1996 ; Hudson 1996).
Our results are completely compatible with those of the

full reconstruction of & Plionis theBranchini (1996) ;
redshift-space XBAC dipole is enhanced by D20% with
respect to the corrected (real-space) dipole. The main dipole
results and the corresponding values of (usingb

cX
eq. [7])

are presented in Taking into account the probableTable 2.
D20% artiÐcial decrease of the X-ray dipole (see discussion
in and averaging over the di†erent determinations° 3.1)
(weighting twice the more physical luminosity-weighted
results), we obtain

b
cX

^ 0.24(^0.05) ,

where the error bar is not a proper standard deviation
(which should also have included the e†ects of cosmic
variance) but rather reÑects the uncertainty of the present
determination of the mean value. Note that from theb

cXoptical Abell/ACO cluster dipole, & PlionisBranchini
found Furthermore, et al.(1996) b

co
B 0.21. Branchini

comparing the real-space optical cluster density Ðeld(1998),

TABLE 2

XBAC DIPOLE PARAMETERS AND THE CORRESPONDING VALUES OF

AT r \ 200 h~1 Mpcb
cX

Frame M o V
g
o km s~1 l¡ b¡ dhcmb b

cX

z-Space . . . . . . . . . 1 2710 269 0 17 0.19
z-Space . . . . . . . . . L X5@11 2100 275 15 19 0.24
Real space . . . . . . 1 2250 255 [7 25 0.22
Real space . . . . . . L X5@11 1750 251 10 15 0.29

NOTE.ÈThe value is the dipole misalignment angle from thedhcmbCMB dipole direction corrected for a 170 km s~1 Virgocentric infall.
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(within D70 h~1 Mpc) with the corresponding POTENTÈ
Mark III Ðeld, found The di†erenceb

co
B 0.20^ 0.07.

between their value and the present analysis suggests anb
coptical to X-ray cluster bias factor a valuebo,X^ 1.2^ 0.4,

which is consistent with B1.

5. CONCLUSIONS

We have estimated the X-ray cluster dipole, using the
whole-sky XBAC sample and the BCS sample, which covers
the northern hemisphere. We have found the following :

1. The relative contributions to the LG acceleration Ðeld
from di†erent depths are readily provided by the XBAC
dipole analysis and support the conclusions drawn from the
optical Abell/ACO cluster analysis of signiÐcant dipole con-
tributions (D30%È40% of total) from scales D130È160 h~1
Mpc. Furthermore, the XBAC and BCS clusters trace the
same dipole structure equally well and, thus, the large-scale
density Ðeld.

2. Using a model of the large-scale peculiar velocity Ðeld
and correcting for RSDs, we Ðnd that the real-space X-ray
cluster dipole is reduced by D20%, a value consistent with
the outcome of a full reconstruction of the optical cluster
density Ðeld & Plionis(Branchini 1996).

3. Although the ““ zero point ÏÏ of the X-ray cluster dipole
cannot be unambiguously determined from the present

analysis, we Ðnd that the true, underlying X-ray cluster
dipole is intrinsically lower than the corresponding optical
cluster dipole by D10%È30%, depending on whether the
X-ray clusters are unity- or luminosity-weighted and on
whether one assumes that the observed X-ray emission of a
few nearby clusters (A3565, A3574, and A347) is of non-
cluster origin.

4. Relating the X-ray cluster dipole with the LG peculiar
velocity, we Ðnd (^0.05), which, if com-)00.6/bcX

^ 0.24
bined with recent determinations based on comparing the
optical cluster density and velocity Ðelds with the corre-
sponding POTENTÈMark III Ðelds, suggests a relative
opticalÈtoÈX-ray cluster bias factor of bo,X^ 1.2^ 0.4.

5. The Virgo Cluster contributes about 12% of the
overall X-ray cluster dipole, which corresponds to an
average Virgocentric infall velocity of D160 ^ 40 km s~1.

We greatly thank Harald Ebeling for many useful dis-
cussions, for kindly giving us the XBAC and BCS lumi-
nosity functions and the BCS sample prior to publication,
and for always meticulously answering our many questions.
We also acknowledge fruitful discussions with Alastair
Edge on di†erent properties of the XBAC and BCS samples.
Finally, we thank Peter Coles for useful comments on the
Ðnal version of the paper.
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